Physiological regulation of nodule gas permeability has a central role in the response of legumes to such diverse factors as drought, defoliation, and soil nitrate. A new method for quantifying nodule respiration and 02 permeability, based on noninvasive spectrophotometry of leghemoglobin, was evaluated using intact, attached nodules of Lotus corniulatus. First permeability (6, 7, 11, 14, 16, 20, 22 (24) has not been seriously criticized, but the procedure is tedious, requiring chromatographic analysis of many gas samples for each permeability measurement.
between nodule respiration (02 consumption) rate and internal O2 concentration was determined from the rate of decrease in fractional oxygenation of leghemoglobin (FOL) under N2. The rate of increase of FOL under 100% 02 was then used to calculate nodule 02 permeability, after correcting for respiration. Inactivation of nitrogenase by exposure to 100% 02 for 15 minutes led to decreases in both permeability and 02-saturated respiration (Vej), but the brief (<15 seconds) exposures to 100% 02 required by the assay itself had little effect on either parameter. A gradual increase in external 02 concentration from 20 to 40% resulted in a reversible decrease in permeability, but no change in V,.. The new method is likely to be useful for research on nodule physiology and might also be applicable to agronomic research and crop improvement programs.
The gas permeability of legume nodules is of considerable current interest because nodule responses to drought, nitrate, and photosynthate supply all apparently involve changes in nodule 02 permeability (6, 7, 11, 14, 16, 20, 22) . Similar permeability changes occur in response to acetylene exposure (12) or with increased or decreased external 02 concentration (23, 27) . Studies with microelectrodes (19, 27) and theoretical considerations (18) suggest that nodule permeability is limited mainly by one or more layers of tightly packed cells in the nodule cortex.
Weisz and Sinclair (25) reviewed four methods for estimating nodule gas permeability. One method was rejected as inconsistent with nodule anatomy. The other three methods have given useful and consistent results, but each method has significant limitations. The steady-state acetylene method (4, 26) is somewhat inaccurate and too slow to monitor rapid changes in nodule permeability. It is, however, the only method that has been used under field conditions (5, 22) or with an individual nodule (26) . Permeability estimates based on an entire modulated root represent an average for a number of nodules. The steady-state oxygen method (17) makes two key assumptions: (a) that 02 consumption rate in the nodule interior can be calculated from CO2 production by a nodulated root, and (b) that infected cell dissolved 02 concentration (0) is always zero. These assumptions may not be true under all conditions; nevertheless, this method has been widely used. The unsteady-state acetylene method (24) has not been seriously criticized, but the procedure is tedious, requiring chromatographic analysis of many gas samples for each permeability measurement.
FOL,' determined by spectrophotometry in total darkness, has been used to estimate O0 in cut nodules (1), detached nodules (13) , and nodules flattened during growth (9, 10 ). An improved, pulse-modulated method (11) allowed measurement of FOL in intact, attached nodules under ambient light. This method revealed that several treatments which inhibit nitrogen fixation also decrease 0,, under both laboratory (I 1) and field (6) conditions. It was concluded that lower Oi in inhibited nodules resulted from a decrease in nodule 02 permeability.
The rate of increase of FOL, after switching the atmosphere around a nodule from nitrogen to oxygen, was greater for control nodules than for inhibited nodules. The rate ofchange of FOL represents a balance between 02 diffusion through the cortex and 02 consumption in the nodule interior. Therefore, it was suggested that a rapid increase in FOL could indicate relatively high 02 permeability (6, 11 Various concentrations of 02 in N2 were used in these experiments. Mass flow controllers (Fig. 1 ) allowed computer control ofgas composition around the nodule. The gas stream was humidified by passing through wet glass wool.
Fractional Lb oxygenation and Oi were calculated from the ratio of red:infrared transmittance, after subtracting ambient light. This ratio was used because of the assumption that transmittance at each wavelength could be approximated by a two-component version of the Beer-Lambert Law: (2) where I660 and I820 are the intensities of transmitted light at the two wavelengths, Io is the incident intensity for each wavelength, t is time, and k is a constant which reflects possible differences (independent of Lb oxygenation) in absorbance with wavelength. The functions f(t) and g(FOL) represent the assumptions that both wavelengths may be affected by some optical changes with time (e.g. slight movements of the probe or surface drying of the nodule), whereas only red light is affected by changes in Lb oxygenation. The ratio of red:infrared should eliminate the time dependence.
Although use of the red:infrared ratio improved stability, successive readings at FOL = 0 still varied slightly over time for many nodules. Therefore, a linear correction for drift was also included (6). Calculation of Lb oxygenation and infected cell 02 concentration was consistent with previous work (1 1) . The second experiment compared respiration and permeability before and after a treatment which was intended to inactivate nitrogenase. Standard assays were performed on the same nodule at intervals of 20 min. Between assays, the nodule was exposed to humidified 'air' (20% 02 in N2) at the standard flow rate (1.0 L min-'). After four assays, the nodule was exposed to 100% 02 for 15 min. The nodule was then maintained in flowing air for about 10 min before standard assays resumed at 20-min intervals for a period of at least 4 h. Nodule 02 permeability and the respiration parameters, Vmax and Km, were calculated for each assay, as described above. As a control, the same experiment was repeated without the 1 5-min exposure to 100% 02.
A third experiment assessed the ability of birdsfoot trefoil nodules to acclimate to elevated external 02 concentration.
After four standard assays, the mass flow controllers were programmed to increase Oe from 20 to 40% over a 40-min period. Standard assays were then resumed at 20-min intervals, with Ge maintained at 40% between assays. After seven assays under 40% 02, O was returned to 20% (over 40 min) and then four additional assays were performed.
Acetylene Reduction In a separate experiment (with 69-d-old birdsfoot trefoil plants grown as described above), the rate of acetylene reduction was measured for control nodules (never exposed to elevated 02), nodules which had been assayed once, and nodules exposed to a 30-min 100% 02 treatment. A short segment of root with the nodule attached was incubated at room temperature for 15 min in a 13 mL test tube containing 1.0 mL of acetylene. Ethylene production was measured by gas chromatography. The nodule was then detached from the root segment for measurement of fresh weight.
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RESULTS

Effects of Standard Assay
Lb oxygenation under air, prior to any treatment, averaged 20.0 ± 4.4% (mean ± SE, n = 9), equivalent to a dissolved O2 concentration of 9.2 nm. Lb oxygenation decreased under 100% N2 and increased under 50% or 100% 02 (Fig. 2) .
The respiration rate depended on Oi (Fig. 2, inset) 
Inactivation of Nitrogenase
The effects ofa 1 5-min exposure to 100% 02 were apparent both in the Lb oxygenation data and in calculated values for respiration rate and permeability. The results shown in Figure  3 are typical. Relative to the control, FOL under air was lower after treatment (Fig. 3A) . The rate of increase of FOL under 100% 02 and the rate ofdecrease under 100% N2 also declined (cf spacing of data points). Respiration data for each treatment generally fit the Michaelis-Menten equation well. However, one or two data points corresponding to the highest Oi values often fell substantially below the fitted curve and were excluded from the curve-fitting procedure (Fig. 3B) Figure   1I (Fig. 4) . Peak permeabilities and maximum respiration rates of control nodules typically declined gradually with time, although increases with time were occasionally observed (data not shown). The calculated Km showed more unexplained variability over time than either permeability or Vmax.
Effects of a Gradual Increase in External 02 Concentration
A gradual increase in external 02 concentration to 40% resulted in lower permeability (Fig. 4A ) but did not affect Vm. or Km (Fig. 4, B and C 20% 02. The lower permeability was maintained for 2 h under 40% 02 and increased to nearly the initial value after 0e returned to 20%.
Acetylene Reduction
Acetylene reduction rates for control and assayed nodules averaged 24.3 4.0 and 20.4 ± 4.1 Amol C2H4 g-' fresh weight h-' (n = 4), respectively. The difference was not significant. Rates would be about fourfold higher on a dry weight basis. Acetylene reduction by nodules exposed to 100% 02 for 30 min was undetectable for all three replicates.
DISCUSSION
Overall Assessment of the Method There were two major conclusions from these experiments. First, noninvasive spectrophotometry of Lb previously used to measure Oi, can also measure respiration parameters (Vma. and K.) and 02 permeability of single attached nodules.
Second, the assay itself does not appear to cause serious disruption of nodule function, at least in birdsfoot trefoil.
There remain some unanswered questions, discussed below, which may affect the quantitative accuracy of the method. Nevertheless, it is clear that the unsteady-state oxygen method provides new opportunities for nitrogen fixation research.
Effects of the Assay on Nodule Function
A single assay using 100% 02 had little immediate effect on respiration (Fig. 2) . This suggests that the assay caused little or no inactivation of nitrogenase. Partial inactivation of nitrogenase might occur without a change in respiration.
However, the decreased permeability and Vm. following a 15 min exposure to 100% 02 indicate that major 02 damage would have been detected, had it occurred. The acetylene reduction data also showed that a single exposure to the assay did not result in significant damage to nitrogenase.
With repeated assays (Fig. 4) , control nodules often showed gradual declines in permeability, maximum respiration, and Km. Increases in these variables were observed less frequently. Possible explanations for these changes include repeated O2 exposure, drying of the nodule surface by flowing gas (despite humidification), effects of slight mechanical pressure by the probe, conditions in the laboratory, or physiological changes unrelated to the assay (e.g. circadian rhythms). In any case, these changes in control nodules were small relative to treatment effects. We conclude that the repeated brief exposures to high external 02 concentration required by this assay probably do not cause major disruption of nodule function.
The acetylene reduction assay is often inaccurate because exposure of nodules to acetylene results in decreased nodule gas permeability (12) . Nonetheless, it is clear from the acetylene reduction data that prolonged exposure to 100% 02 essentially eliminated nitrogenase activity, whereas the effect on 02-saturated respiration was much less severe. The steadystate respiration rate under air would depend on O2 permeability, which decreased almost 50%, rather than on Vm. and
Km. It appears that there was still considerable metabolic activity, possibly including resynthesis of nitrogenase, in 02-treated nodules.
Interpretation of Respiration and Permeability Curves
The good agreement between the respiration data and a standard Michaelis-Menten equation is somewhat surprising because of the multiple sinks for 02 in 
Relationship between Permeability and Vmax
The 15-min exposure to 100% 02 and the gradual increase to 40% 02 both resulted in decreased permeability, but it is possible that there were differences in mechanism. A decrease in permeability following an increase in 0e has previously been reported (9, 23 (Fig. 3A) . Therefore, neither an internal nor an external 02 sensor can fully explain the permeability decrease with the 15-min 100% 02
treatment.
An alternative explanation for the permeability decrease with the 15-min 100% 02 treatment is that maintenance of high permeability somehow depends on the products of N2 fixation. This explanation is consistent with previous reports of decreased permeability with acetylene exposure (12) As with any new method, there are some areas of uncertainty. The use of assumed rather than measured Lb concentration may somewhat limit the absolute accuracy of this method. Measurement of Lb concentration might be worthwhile in experiments where Lb concentration was expected to vary with treatment. The method, as presently implemented, assumes that exposure to 100% N2 and 100% 02 result in fully deoxygenated and fully oxygenated Lb, respectively. The assumption that Lb will eventually become deoxygenated under N2 is difficult to challenge, but full oxygenation under 100% 02 might not always be achieved. In a nodule with very low permeability and high Vm., a balance between 02 influx and consumption might occur at less than 100% oxygenation of Lb. In such nodules, FOL would be expected to approach a maximum value (possibly <1) asymptotically. The flat-topped curves in Figure 3A suggest that full oxygenation was achieved in these experiments.
Recent research has highlighted the importance of permeability regulation to maintenance of nodule function. This new technique should facilitate detailed studies of nodule physiology to uncover the mechanisms by which nodules detect and acclimate to stress. Because Lb oxygenation can be measured under field conditions (6), the method may also prove useful for agronomic research and in crop improvement programs.
